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Xitie: Wireless Radio Frequency Technique Design And Method For 
Testing Of Integrated Circuits And Wafers 

5 FIELD OF THE INVENTION 

The present invention relates to a method and apparatus for the 
testing of wafers di^ring the IC fabrication process and more panlcuiariy to a 
method and apparatus for the wtreiess testing of iCs on wafers. 

10 BACKGROUN P QF JVi^ iMVENTiON 

In the Integrated Circuit (IC) manufacturing process, a plurality 
of ICs are formed upon the surface of a circular wafer by the euccessive 
deposition of various materials such as metal and oxide layers according to a 
design layout. After all of The layers have been deposited, the wafer is diced 
15 into separate ICs that are then pacKaged for sale. For quality assurance 
purposes and for evaluating the manufacturing process, the iCs are tested for 
proper operation before they are packaged for sale. However, if it could lae 
determined before dicing and packaging that a defect had occurred in a 
particular IC. or in the manufacturing process, ttien substantial cost savings 
20 could be achieved by discarding the damaged IC before it is packaged or by 
discarding the entire wafer before it is diced and maKing corrections to the 
manufacturing process. 

Conventional IC testing is done after ail of the layers nave been 
deposited on the wafer. Due to imperfections in me manufacturing process, a 
25 certain amount of the ICs will be defective. For instance if the probability of a 
defect occurring during the deposition of a metallization layer is 1% then the 
probability of having defective ICs after 7 metallization layers nave been 
deposited is 6.8% which is not insignificant since ICs are mass produced in 
large quantities. This is an investment on tne part of the manufiactures that 
30 could be mitigated by knowing errors in the manufacturing process before 
other manufacturing steps are done, hurtnermore, because subsequent 
metallization layers affect the operation of previous metallization layers, it is 
difficult tu ascertain at which point in the manufacturing pnscess the defects 
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occurred. Cwsequentiy, IC testing performed before all of the layers navs 
been <jepo3ited can provide vakiabte information ifiial can ba used to discover 
faults in the SC or in the fabrication process. This is especially true for 
systemaltc faults s^ch as faulty met^i! deposition. Test processeb Ihst are 
5 <iont bafor© the IC is completed da exist but these tests are done 
destructively using physical probe contacts or capacftiva coupling. 
Accordingly, none of these testing methods is satisfactory because of their 
destructive nature. 

Current tests that are done once the IC Is fabricated involve 
10 probing the IC via Input/Output (I/O) pads or special test pads. Thfi results of 
theae tests nnay diacloss probtems in the overall manufaciuriny process that 
extend to al! the ICs which are ftibrlcated, meanwhiia operationai tests of the 
iCs thssinselves may distinguish individual defectivfi ICs thai can then be 
nDarked for disposal after dicing. The test metriod comprises powering up the 
15 ICs and using itie probes to sppiy appropriate test signals and recora the lest 
result signate. The test result signals are then analysed to insure that the (C is 
tunntioning correctly. This method, and other testing methods which nr^ake 
physical contact with the pads of the IC, require accurate placement of the 
wafer in relation to the pro&es which can be both an expensive and time- 
20 consuming process. Furthermore, physical contact with the wafer may 
den^age the fCs. 

Another difficulty with IC testing is that ICs are constantly 
increasing in density and complexity, TTiis !ead» to a problem of visibility and 
accessfbiiity when tefSiing internal circuits within the !Cs after the iCs nave 

25 been fabricated. Furthermore, while the ICs are mcreasing in density and 
complexity, the number of I/O pins remains relatively constant or even limited 
by geometric constraints. This also contributes to dithcuity in IC testing sinoe 
the number of test signals which can be simultaneously sent to the !C is 
limited by the number of I/O pins, UKewise, the numbar at resulting test 

30 signals which are probed from the iC is limited. 

The use of physical contact (i.e, using prc4>es) sn IC testing, after 
ICs havo been fabricated, has another iimltatian in iliat the frequency of the 
test signals which are introduced to the IC is limited due to the physical 



May-15-2001 16;]! ^m-^mWHi Pm 



-3- 



P m/m P-555 



contact. Current frequency limits ar« approximately 1QQ MHz- This frequency 
limitation pui$ a lower limit on the te^t time. Furthermore, tfiis frequency 
limitation means that ICst are tested at only 1/10*^ or 1/100^^ of the clock 
frequency tnat is used during iC operation. Consequently, the tasi results may 

5 not accurately roflect how the IC will behave when it operates at its nomins*! 
cIocK frequency, in light of this infojmation, it ia becoming increasingiy difficult 
to test Of euen access oertain sub-circuits within the iC using exibling test 
methods. With IC technology approaching 1 V operating levels, new test 
methods which ube inductive coupling or radio frequency transmissjons to 

10 transmit tost data and receive test results are being deveiopfcfd. These tests 
involve fabricating smai! ie^t circuits on the IC wafer. However, these test 
circuits must be small in size to reduce the overhead costs associatt^U wil;h 
fabricating these test circuits. 

Schoellkopf {U,S. Patent No. 6,166,607) OteclDses » lest method 
15 that uses ring Qsciilators, oscillating at discrete frequencies, as test circuits. 
These ling oscillators are placed in the cutting path between the dies on the 
IC wafer. It Is not certain how these test uiicufts are powered or controlled- 
The test circuits are connected to metallization layers at fei^st two levels 
above the metallization levels that are used to fabricate ^ test circuit. In this 
20 manner, SchoetlRopf is testing the propagation delay properties of the IC and 
whether the meta! interconnects are Intact. This test method measures the 
characteristics of the transistors in the test circuit as well as indirect 
measurement of the characteristics of the transistors of the adjacent ICs, 
However, Schoellkopf requires e>irternai probes far pcmering the test circuit, 
25 hurthermore, the teal circuit does not allow for the measurement of the 
influence of the interconnection resistance and capacitance on tfie IC. 

To t;e useful, the [C test method must work over a range of IC 
technoK^ies (i-e. gats sizes measured in microns) and supply voltage levels. 
The iO test method, in particular tfit; test circuits that arc fabricated on the IC 
30 wafer, must therefore bo scalable. It would also be beneficial if the test circuit 
ware small in si^e so as to minimize the impact on chip real estate. 
Furthemnore, since current state of the art ICs operate at very high speeds 
and have small dimensions, these iCs operaits at the edge of analog behavior 
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siod conventional digital test methods may bo insufficient. Cnnssqueniiy, tne 
IC te« method ahcjuW include characterization circuits to perform paremetric 
fC tasting in which certain parameltjrs such as resistance are measured to 
provide an indication of the integrity of the IC manutacturing process. The 
5 paranrietero are important as they affect the perfoifnance of the !C, The tC test 
methMt should also test trie IC at high speed. 



SUMMARY OF THE INVENTION 

The pm^&nt inveniion comprises ^ test circuit for testing an 
10 integrated circuit un a wafer The invention further comprises an apparatus 
u^ing the test circuit for teshng an iniegratea oircuit on ^ wafer. Tho s^ppar^tue 
Mmprises: 

a) a te^t circuit formed on the wafer with the integrated circuit, 
the lest circuit comprising: 

15 i) a ring oscillator circuit 

jj) a plurality of sub-cirnuits coupled to th«^ ring oscillator 

circuit; 

iif) a control cirnuft to seieciively cuupte the sub-circuits to 
the ring oscillator cirouit, and 

20 b) a test unit separate from the wafer, the test unit linKed to th^ 

test circuit to transmit a signal to activate the test circuit. The tsst unit, when 
activated by the test unit, conducts a separate test of the integratt^d circuit for 
each sub-cirnult selected Dy the contiot circuit- 

The ta&t conducted by the test cifCiiit fs a parametric test 
25 wherein the sub-circufis, ^i^hen coupled to the ring oscitlsjtor circuit, change the 
fiwquency of oscillation of the ring oscillator circuit The control circuit 
comprises a sequencer to selectively couple the sub-circuits to the ring 
oscillator circuit to produce a series of t^st states. 

The JESt unit transmits a power signal (i.e. an RF powar signal) 
30 that is ^sufficient to energize the test circuit. 
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The test nrcuit furthts! includes at least one mb-circuit 
comprising a capacitive load to change the frequancy of oscillation of the ring 
oscillator circuit Ths capacitive load comprises at least one capacitor. 

JU& test circuit further includes at [east one sub-circuit 
5 comprising a oapacitive load and a resistive load to change the frequency of 
oscillatinn of the ring osciljaior circuit. The oapacitiv© load comprises at least 
om capacitor and tbo resistive load comprises at least one resisiur. 

The tBSt circuit further Inoiudas at least one sub-cirouit 
comprising a da(ay element to change tne frequency of usciBation of the ring 
10 oscillator cirmi Tne delay element may be at least one Inverter wherein the 
inverter is a standard CMOS inverter. 

The test circuit may be formed on the wafer ^th at least two 
metallization layers of the integrated circwi Alternatively, the test circuit may 
be formed on the wafer wth at least one metallization layer and one 
1 5 polysiiicon layer of tho integrated circuit. 

The test cjicuit further comprises a transmitter circuit to transmit 
the test result signal from the test circuit to the test unit The test i^^uW stgnai 
is the output of the ring oscillator circyit. Accordingly, the test unit comprises a 
receiver citcuit to receive the tost result signal from the test circuit, ine test 
20 unit further comprises a circiiii to analyze and display me test result signal 
The analyzing circuit Galc;ulates a value of the parameter being tested The 
analyzing circuit may also calculate a ratio of the values of the parameters 
being tested. 

The test circuit further romprises an antennei adapted to receive 
25 the signal from the test unit and a power supply circuit coupled to the BntBm^ 
afiU adapted lo provide power to the test circuit. The power supply circuit 
comprises a voltage rectifier coupled Iq the antenna, a voltage reguiator 
coupled to thfi^ voltage rectifier and an energy storage element coupled to the 
voltage r^uiator, wherein the power supply circuit is adapted to provide a 
30 plurality of vofiage levete to the test circuit. 

The confrol circuit in tne test cjfcuit further comprises a seoor^d 
ring oscillator adapted to provide a first clock signal, and a divider coupled to 
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the secund ring osoillator and the sequencer arid adapted to provide a second 
dock signal, whar^in the second clock signal is provided to the sequencer so 
that tne sequencer can provide a series of test state ^signate to the ring 
osclilator and plurality of sub-circuits. 

5 The tranamiBer circuit in the test circuit further comprises a 

coupler vi^ich is coupiea to tne ring c&ciliator and th© antenna and h adapted 
to selectively couple the output of the ring csciiiator to the aru^nna for 
transnriiasion of the test result signal to the lest unit. The coupler may 
capacitively couple The test result signal to the antenna. Attfirnativeiy, ttm 

10 coupler may modulate the impedance ot tne anienna to iransmit the test result 
signal to the te^t unit. 

There may be plurality of test circuits that bt^ placed on the 
wafer. The t^st unit may lest each test circuit sequantialfy or test a plurality of 
the test circuits in parallel. Each test circuit may De formed adjacent to a die 
15 containing the integrated circuit- All^^rnatively, each teat circuit may be formed 
on a die that cojrtains the integrated circuit. Alternatively, each test circuit may 
be formed on a large percentage of dies on the wafer. Alternafavciy, each test 
circuit may De formed on dies near the edge of the wafer 

The invi^ntion also relates lu a method of testing an integrated 
20 circuit on a wafer using a test circuit formed on the wafer w/itn the integrated 
circuit, the test circuit comprising a ring oscillator drcuit, a plurality of sub- 
circuits coupled to tne ring oscillator circuit wherein each sub-circuit changes 
the fiequency of osoiitation of the ring oscillator circuit, and a control circuit to 
selectively couple rhe sub-circuits to ihe ring oscillator circuit, the method 
25 comprising: 

ta) activaling the test circuit; 

(b) sequentially coupling the sub-circuits to the ring 
osciSlator circuit to selectively change the frequency of oscillation of the nng 
oscillator circuit; 

30 (c) producing a tost result signal in response to each 

sub-circuit selocted by »ie oontrof circurt, ana. 
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(d) analyzing the test result signal to determine the 
frt^quency of osciltetion. 

Each test conducted in the method J© ^ parametric Test- 
Accordingly, the method may further consist of calculating a value for the 
5 parameter being tested. Alternatively, the method may consist of ealcuiating a 
raoo of values for the paramoter being tested. 

rne meinod tisrther comprises effecting step (b) according to the 

steps of. 

(e) providing a clock signal; and, 

1Q (f) generating a sequens^e of test states and state 

Signals Based on Uie ciock signal to switchably cogpte the sub-circuits to the 
variable ring osaiiiator 

Step (d) of the method further comprises the steps of: 

(g) roupiiog the test result signal to an antenna within 
1 5 the test circuit through a couplar in the test circuit; and, 

(h) endbiing and disabling the coupler to intermittently 
transniil the test reault signal to a test unit to allow the test unit to synchronise 
to the lest result signal and analyse the test l^^\t signal 

The method further comprises using at leasi one suu-circurt tiiat 
20 comprises a capaative load to t^ange the frequency of operation of the ring 
oscillatuf circuit. 

I he method also fmther comprises using at l^ast one sub^circuir 
ihat comprisses a caipecitive load and a resistive load ?o cmnQe the fre^quenoy 
of operation of the ring oscillator circuit, 

25 The m^hod also further comprises using at least one sub-circuit 

that comprises a delay esement to change the frequency of oscfllation of the 
ring uaciilator circuit. 

The method further comprises ualng a aequancer for the control 

circuit. 
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Tm method fuilher comprises scquentiaily testing a plurality of 
test circuits which are formed on the wafer. Alternatively, the me^lhQd fMrther 
comprises testing the plurality of test uiicuits on the wsfer in paraltei. 

Further objects and advantages of tne Invemiofi wilt appear from 
5 frke following desfiription. taKen together with the accompanying drawings, 

BRiEF p ^SCRlPTION OF THE pRAWlMGS 

For a better understanding of the present if tventron and tc show 
more clearly now It may De uarried into effect, reference win now be made, by 
10 wsiy of example, to the accompanying drawings which snow a preferred 
embodiment of the present invention and in which: 

Figure 1 is a block diagram of the wireless IC i^t system; 

Figure 2 is an embodiment of test circuit plac^^iment on the wafer 

to be tested; 

15 figure 3 is an alterna^ve embodiment ftf test circuit placemenL 

on the wafer to be tested: 

Figure 4 is another alternative emtiodimem of test circuit 
placement on the wafer to ce tested: 

Figure 5 is another alternative emoodiment of test circuit 
20 placement on the wafer to be tested: 

Figure 6 ie a bIccK diagram of the test unit; 

Figure 7 is a blocK diagram of an embodiment of the test circuit; 

Figure 8 is an embodimeni of the antenna; 

Figure Oa is an alternative emboaimem of the antenna as a 
26 monopole antenna; 

Figure 9b is another alternative embodmeiu of ttie antenna as a 
dipole antenna: 

Figure 9c is anotner alternative ©riibodiment of the antenna as a 
patch antenna; 
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Figure 9d is another alternative ©mbodiment of the antenna as a 
spiral antenna; 

Figure 1 0 15 a schemsitio of the voltage rectifier; 

Figure 11 i?i j5 schematte of voftage regulator and the storage 

5 etemeni; 

Figure 12 is a schematic of the ring osoillator; 

Figure 13 is a schematic of the inverter ustfd in the ring osciltetor 

of Figure 12; 

Figure 14 is a schematic nf tne diviaer; 

1 0 Figure 16 is a schematic of th© sequencer; 

Figure 16 is 3 ssutiematic of the P flip-flop u^ad in the sequencer 
of Figure 15 and the divider in Figure 14; 

Figure 17» Is a simplifieq schematic of a ring o!^cj|iaTor 
illustrating parameter testing; 

15 Figurfe? 17b is a spectrumi of a simulation test result oDtaineU 

from testing the schematic of Figure I7a; 

Figure 18 is a schematic of the variable ring oscfllator: 

Figure 19 is a scherTiatic of the transmission gate used in the 
variable ring oscillator of Figure 18; 

20 Figure 20 i$ a schematic of the etemento of the variabte ring 

oscillator of Figure 16 that are enabled during test stare 1: 

Figure 21 a ^schematic of the elements of the variable ring 
oswltator of figure l8 that are enabled dunng test state 2; 

Figure 22 is a schematic of the elements of the vi^naose ring 
26 osciliator of Figure 1 8 that are enabled during t^t slate 3, 

Figuie 23 is a schematic of the elements nf the variable rir^y 
osciitetor of Figure 1 8 that are enabled dunng te^l state 4: 

Figure 24 is a schematic of the elements of the variaUlt^ ring 
oscillator of Figure 18 that are enabled during test state 5, 
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Figure 25 is a schematit:: of trie elements of the variable ring 
Qsciilator of Figure 18 tnai are efi£ib!ed during test state 8; 

Figure 26 Is a sdiematic of the coupiar to the antenna; 

Figure 27 is a schematic of an alternative ernbodiment of tna 
5 coupler to the antenna; 

Figiifft 28 is a schematic of a portion of a moditied test circuit for 
testing circuits within the iC; 

Figure 29 is a scheniatic of a portion of an alternate emDodimem 
of a modified test circuit for testing circuits wiUiin the iC, 

10 Figure 30a is a spectrum of a oimylation result obxsined from 

testing the test circuit that snows ihe fhequency resolution when measuring 
capacitance and resiatancc; 

Figure 30b i5> a spectrum of a simulation result obtain^^d from 
testing the tost circuit that shows the frequsncy resolution when measuring 
15 gate delay: and. 

Figure 31 is a graph of simulation results showing ring osqjjator 
frequency \/ersus supply voltage for various IC technologfes. 

DETAtLED DESCRIPTIOM OF THE tMVSMTtOM 

20 Referenoe js first made to Figure 1 which shows a wireless IC 

test system 10 comprising a test unit 12 ana a test circuit 14. Tfiy lest circuit 
14 is fabricated at a plurafity of locations on a wafer 1 fi which contains b 
plurality of ICs, The test unit 12 is separate from the wafer IS and is coupled 
wireiessiy to any test circuit 14 on the wafer 16, The wireless IC test system 

25 10 is designed to perform parameter testing of the wafer 16 as will be 
described in greater detail below. Alternatively, frie wiretess IC testsys^tem 10 
may be extended to perform functional testing of the ICs on the wafer 1S as 
witi be described in greater detail below. 

Reference is next made to Figures 2 to 5 which show different 
30 embodiments tor placing the test circuit 14 on the wafer 16. In Figures 2 to 5, 
each rectangle in the wafer 16 represents a die which may contain an IC 1«. 
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Referring to Figure 2, the test circuit U may De placed in a die is adjeicerit 
to the die wnich contains the \C 18 whose parametera are to fc>e tasted. ThH 
configuration would provide 100% coverage for te^^ting the IC 18, 

Referring to Figure 3, the test circuit 14 could fo^ fabncated 
5 within the same dte In which the |C18 is f?5bricated. This configuration would 
also prnvide 100% coverage for testing the IC 18. In this configuration, it is 
important that the test circuit 14 &e very ^mall in s\z& so as to minimize the 
amount of chip r«^a! estate that it requires. 

Another alternative psacemem s&uategy i& shown in Figure 4 in 
10 which ihe test circuit 14 is placed ^n locatione upon the wafer 16, deternr^ined 
by a statistical means, to optimize the number of ICs 18 that are tested while 
providing less than 100% coverage. This may be b«sneficia} in situations 
where n is not tfsaential to have 100% test coverage or In situations where 
one needs to save on chip real estate. 

15 Afimher alternatsve placement strategy is shown in Figure 5 in 

which the test circuit 14 is placed in dies which are located adjacent to the 
edges of the wafer 16 where a full IC 18 cannot be faoricated. This strategy 
will also result in less than 1Q0% covisfyige for testing the iC 18. 

Referring next to Figure e, tne test unit 12 may cornpiise a 
20 monitor 22, a logic means 24, an osc*!lator 26, an amplifier 28. a first antanna 
30, a second antenna 36, a filter 38, an amplifier 40, a pha^^ lock !oop 42. a 
decoder 44 and a logic means 46. The monitor 22 may display the 
parameters of the RF power signal 32 tnai is transmitied to particular test 
circuit 14 on the wafer 16- The RF power signa! 32 is used to power the test 
25 circuit 14, The monitor 22 may also show the results of the test on the test 
circuit 14. The monitor 22 is connected to the logic means 24 wnich controls 
the oscillator 26, Tne oscillator 26 gener^ies the RF power signal 32. The 
osciliatof 20 is connected to the amplifier 28 which amplif»es the RF power 
signal 32 to a level suitable to be received by the test circuit 14. The amplifier 
30 28 then provides the amplified RF power signal 32 to the antenna 30 which 
radiates the RF power signal 32 towards tfie test circuit 14. Only th^ RF 
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power signal 32 is sont to the test circuit 14. The test unit 12 does not send 
any test signals to The test circuit 14. 

The test circuit 14 then generates a test result signal 34 which is 
transmitted to the test unit 12. The test result signal 34 is received by the 
5 second antenna 36. The test result signal 34 Is then sent to the filter 38 which 
filters any noise that is present in the test result signal 34. The filtered test 
result signal 34' is then amplified by the amplifier 40. The amplified, filtered 
test result signal 34" is then sent to the phase lock loop 42 wnioh is used to 
lock onto to the frequency of the amplified, filtered test result signal 34". The 
10 phase loch ioop 42 may preferably be a wide capture phase lock loop which 
|ock$-in to a wide range of input frequencies. Tne decoder 44 is Itien used to 
determine which lest was perfomned by the test circuit 14 based on the 
amplified, filtered test result signal 34" and the logic means 46 is used to 
calculate the value of the parametei that was tested. The logic means 46 then 
15 sends the test results and the calculated parameter value to the monitor 22 
which displays the test results and parametej value. Alternatively, instead of a 
calculated parameter value, the test amplified filtensd test result signal 34" 
may include functional test result data. 

The teat unit 12 can be designed with a lot of flexibility smos the 
20 test unit 1 2 is not contained on the wafer 1 6. Accordingly, ttie tost unit 1 2 can 
have a very complicated design. The test unit 12 may also have several 
different embodiments. For instance, the test unit 12 may use a lock-in 
amplifier with a spectrum analyzer to view the frequency of the test result 
signal 34 which contains tiie parameter infomiatlon. Altemativeiy, analysis of 
26 the taet result signal 34 may involve performing an PFT on a portion of the 
test result signal 34. Furthermore, me fynctic^ajity of the first logic means 24 
and the functionality of the second logic means 46 may be Implemented by 
the same logic means. In addition, another alternative may be to use only one 
antenna in place of the first antenna 30 and the second antenna 36. 

30 With Hits configuration, the test circuit 14 can operate over a 

wide range of frequencies, such as hundreds of MHz to several GHz. The 
particular technology whlcn Is used to implement the test circuit 14 will also 
affect the frequency range of qperation. Higher frequency allow tor a smaller 
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recemng antenna on the test circuit 12 as well as more directionality. Ttie test 
result signal 34. based on tne configupaiion of the test circuit 14, could radiate 
sit a frequency on the order of several hundred MHz to several GHz. However, 
the power consumed by the test circuit 14 must be minimized since there is 
5 no other power source for providing power to the test circuit 14 othei than the 
RF power signal 32. Fuilhermore, the intensity of the RF power signal 32 is 
low so that there will not Pe any interference with other circuitry on the IC 18. 

To couple the teat unit 12 to a dssired test circuit 14 on the 
wafer 16, a number of techniques could be used. One particular embodiment 

1 0 would be to localize the RF power signal 32 to the area of tne wafer 1 6 where 
the test circuit 14, for which testing is destrBU, is located- This can be done 
with a small loop antenna or by using sonne ferrite material to maximi?© the 
electromagnetic flux to an area local to the test circuit 14. Likewise, the test 
result signal 34 would also be localized to the second antenna 36 of the lest 

15 unit 1 2 since the lest circuit 14 is in close proximity to the test unit 12- 

An alternative embodiment for coupling the RF power signal 32 
to Uie test circuit 14 may be to implement a circuit discrimination method in 
which each test circuit 1 4 would have a unique sequence number. The 
sequence number would be used when transmitting tne RF power signal 32 
20 so that a test circuit 14 could detennine if Uie RF power signal was addressed 
to it, LiKewise, the test circuit 1 4 could use this sequence number when 
transmitting the test result signal 34 to the test unit 12 and the test unit 12 
could have a decoder means to detect the sequence number and identify 
which test circuit 14 sent the test result signal 34. 

25 Another further arrangement would be to use the geometric 

property that the test circuit 14 directly underneath the first antenna 30 of the 
test unit 12 would receive the most energy and therefore have the highest 
available power. Likewise, the test circuit 14, directly underneath the test un'rt 
12, would radiate the nighest energy signal so that the test unit 12 need only 

30 locK onto the highest energy signal. 

The test unit 12 of the wireless IC test system 1 0 may be 
adapted to test sequentially; i.e. only one test circuit 14 on the wafer is tested 
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at a time. Alternativeiy, the test unit 12 mgy potenti^liy energize several test 
circuits 14 ;&irTiultaneously. In this case, the test unit 12 may comprise ssfiweral 
transmitters (i.a. items 24 to 30) and receivers ti,e. items 36 to 46} tu ptovide 
for the testing of several test ciruuits 14 in paraltel. The antennas of th^ 
5 transmitters could be localized over tho test circuits 14 which are to be tested. 
Accordingly, the antennas of the trar^mitters would have to be sepstrated by a 
certain disiance to avoid interference. LiKewise, th$ receivers in the ti^st unit 
12 must be separated as well so that they receive and evaluate the test 
results 

10 Reference is now made to Figure 7 which shows ihe layout of 

the lest circuit 14 sn bloch format. The tQSt circuit 14 includs* the follcAA/ing 
components connected together' an antenna 50. a voltage rectifier 52, a 
voltage regulator 54, an energy storage element SS, a ring osciiiator 58, a 
divider SQ, a sequencer 60, a variable ring oscillator 6Z, a synchronization 

1 5 elennent 66 and a coupler 68. Each of these elements wili now be described. 

The antenna 50 receives the RF power signal 32 ana transmits 
the test result signal 34 bacK ro the test uu\l 12. The antenna SO must 
maximi^fci the amount of incident energy it receives and minimise the amount 
of energy needed to send me test result signsi 34 frofn the test circuit 14 to 
20 ihe test unit 12. 

Keferring m Figure 8, the antesHia 50 may be a ioop antenna 50* 
wliiuls is looped around the test circuit 14- The loop antenna 50' may be made 
from the metallization layers which are deposited on the wafer 16 dujing the 
fabrication of the IC 18. The antenna SO should be optimizad for power 

25 reception. Port of this optimization involves having a cio<^^i coupling between 
tha antenna SO on ine test cireull 14 and the fn^i antenna 30 on the lest unit 
12. Furthermore, since the frequency of the RF power signal 32 is so high, the 
ioop mtenm can havR a length which Is mucn ^hom than the w^jvalength of 
the RF power signal 34. In an alternabvo embodiment, one mtmn^ may be 

30 uaed for the entire wafer 16. In a further alternative embodiment, the antenna 
50 may be placed along tht? mi lines of the dies, if the IC 18 is not to inoMdc 
the test circuit 14 after dicing. 
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An alternative emDociiment of me antenna 50 is iliustrateci in 
Figure ga wnicn snows u monopole antenna 70 placed in the die which 
contains the teat circuit 14. Alternatively the monopole antenna 70 could be 
laid across the dies which contain the test circuit 14 and the IC IB shown by 
5 antenna 70'. Alternatively, a dipoie antenna 72 could Ue used as shown in 
figure 9D. In this Figure, the dlpole antenna 72 spans multiple die areas 
adjacent to the dies which contain the IC 18 and the test circuit 14. 
Alternatively, the dipoie antenna 72 could be Situated such that It only 
occupies two dies. 

10 Another alternative embodiment of the antenna 50 is ^ p<ttch 

antenna 74 as shown in Figure 9d. The patch antenna 74 occupies multiple 
dies and is oriented towards the test circuit 14. In this r^nfiguration. the patch 
antenna 74 can have a dimension in the centimeter range which would allow 
the antenna SO to receive an RF power signal 32 wiih a frequency in the 

15 Gigahertz range. 

Referring to Figure 9d, another alternative embodiment of the 
antenna SO is a spiral antenna 70. The spiral antenna 76 is in a die which is 
adjacent to the die that contains the test circuit 14- Alternatively, since the test 
circuit 14 is small In area, the spiral antenna 7S may tae in the same die thai 
20 contains the test circuit 1 4. 

The operation of the antenna 50 is shown with reference to 
Figure 7. The antenna SO receives the RF power signal 32 transmitted from 
the test unit 12. The antenna SO transmits the received signal to the volta^^e 
rectifier 52. The voltage rectifier 52, voltage regulator 54 and the energy 
25 storage element 56 togetner are adapted to provide DC power to the 
remainder of U)e test circuit 14. The voltage rectlfter S2 provides as large a 
DC voltage as possible given the low level energy of the RF pow^ signal 32. 

Referring to Figure 10, the voltage rectifier 52 consists of a 
network of diodes D1, D2, D3, D4 and 05 and capacitors CVRI, CVR2, 
30 CVR3. CVR4 and CVR5. The antenna SO Is connected at node A1 . The diode 
D1, Which is connected to node A1, and the capacitor CVR1 rectify the 
incoming RF power signal 32 to provide a DC voltage VURI which is an 
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unregulated voltage. The »/oltage VUR1. in combiaatson with the capacitor* 
CVR2 and CVR3 and the diodes D2 and D3 creates a doubled voltage VUR2 
This process is repeated using the voltage VUR3, the diodes D4 and D5 and 
the gapacitors CVR4 and CVR5 to produce a tripled voltage VUR3. The 
5 voltages VUR1 . VUR2 and VUR3 are used for power by the other parts of the 
test circuit 14. In the present design the diodes are constructed out of N-we!l 
FtTs tnai are connected as diodes as is comnionly known to those sKilied in 
the art. Alternatively, Schotuty dtodas may be used. 

Referring next to Figure 1 1 , the woltao^ regulator 54 comprises 
10 a network of transistors Q1, Q2. QZ and Q4. The voltage regulator 84 
regulates the supply voltage VDD which is msed as power by the remainder of 
the test circuit 14. The Input voltage Vln to the voltage regulator 54 is one of 
the outpKts of the voltage rectifier 52 (i.e. VUR1. VUR2 or VUR3). The 
transistors Q2, Q3 and Q4 aa as a voltage sense circuit. Wiien the Input 
15 voltage Vin goes above the voltage threshold of the Q2. Q3, Q4 transistor 
combination, the transistor 01 Is turned on which causes the input voltage Vln 
to lae shunted to ground VSS This causes the input voltage Vln to be reduced 
which causes the supply voltage VDD to be regu!atf#d to be less than the 
threshold voltage of the 02, Q3, Q4 transistor combination. The voltage 
20 regulator 54 also proteote the substrate of the IC 18 from high volta<jes which 
is important since an IC designed with sub-micron technology has a very low 
breakdown voltage. 

Still referring to Figure 11, the energy storage element JSft i» 
preferably a capacitor CES. The capacitor CES may store energy that may be 
25 provided lo the rest of the test circuit 14. However, not much energy must be 
stored if there Is sufficient energy provided by the RF power signal 32. The 
capacitor CES also acts to smooth the supply voltage VDD. 

Reference is now made to Figure 12 which shows that the ring 
oscillator 58 consists of five mvertors n. 12, 13, (4 and 15, which are connected 
3U in a series loop ftfedbaoK configuration. The ring oscillator S8 is adapted to 
provide a clock signal SO that is used to synchrcinize the test circuit 14. The 
clock signal 90 may be at a frequency which is comparable to the frequency 
at which the !C 18 was designed to operate which may. for example, be in the 
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rano«?s of several hundred MHz to several GHz. During eacti half period of Cife^ 
Glock signal 90, th© signal will propagate arounfl the luop with an inversion. If 
each inverter {11, 12, 13, 14 and IS) have similar teade at thsir output nodes 
then each inverter has a similar delay (T»nv) $o thar a naif period of tht^ clock 
5 signai 90 is n^t^Rv seconds long. The clock signal 90 therefore ha3 n frequency 
of 1^(2*n*T,n,) Hz, 

Ring oscillators are ^od^cd in IC design, howeveir, it i$ typical 
to usa a ring oscillator wnicn consists of a large odd number of invartors such 
as 101 inverters, A large number of inverters is required because in piube 

10 testing, sub-nanoeecond test ^iQnm can not be propagated. Howesvofj since 
Ri- signals are useu in the wireiesa iC test eyst^m 10 of the present invention, 
the clocK signal 90 may hav© a higher frequency that can be used in the test 
circuit 14. Accordingly, the mg oscillator S8 may consist of a substantially 
lower number of inverters. Furthermc^©, a crucial design constrainl for the ring 

15 osciltetor S8, as well as me other circuitry in the test circuit 14, ie that the ring 
oscilSator 58 operates over a wide range of supply voltage levels md \C 
technologje©. 

Reference next made to Figure 13 whicn shows a schematic 
of the inverter used in the nng oscillator 08, The inverter is a standard CMOS 
20 inverter 92 canaisting of two transistors 05 snd Q6. Th^ inverter 92 was 
designed using minimal feature sizes which resulted in the inverter 32 
reqiiiring msnimai chip ar%?c* and dissipating minima! powar while operating at 
frequencies consistent with tho^ mentioned tor the ciocK signal 80. 

Referring lo Figure 14, an embodiment of the divider SS consists 
25 of fiva divide by two circuits H 96, 98, 100 ana 102 that are connected in 
series. The inpur to the divider 5$ the clock signal 90. Since fsvo divide by 
two circuits are used, the divider output is a reducea clock signal 104 which 
has a frequency that is 1/32 of the frequency of the clock signal 90, In the 
divider SS, each divide by two circuit wae a D flip-flop moditisd to behave as a 
30 T flip-flop clocked by a single input line as is commuftty known in the art. Each 
divide by two circuit was also designed to have minima! feature $izes and a 
minima! number of transistors so that S>e divider 59 could work faster, 
dissipate less power and occupy a smaller amount of chip area. The 



-18- 



requirement of a minimal number of transistors achievert by umg 
dynamiu lagic flip-fiops. The dynamic login versiOn of ihe T fiip-flop resulted in 
a furthar reduction in power consumption while operating at ftiil $peed with a 1 
V supply voitage. This occurred because of the reduced capaoiiive losding in 
5 ihe dynamic logic circuit which was operated continuoui^iy. The reduced ctook 
signal 104 is then fea lo the sequencer 60. 

Referring now to Figure 15, the sequenosst fid comprisfcaa nine D 
flip-flops 110, 112. 114. 116. 118, 120, 122 and 124 connected in series in a 
shift rfcjgister format and two inverters !6 and 17. The number of D flip-flop^ 
10 correlates with the numaer of te»t states which wili be de^crfc^ in greater 
aetaif bmaw. &uGh, the number of D f!ip-fiops may vary depending of) ihe 
number of test states that are used in the lest circuit 14. The ^quencer SO 
was also designed using dynesmic logic D llip-flop$ for tha reasons previously 
stated for the dividar S9. 

15 The i&equencer 80 shifts one bit through the chasn of D fiip-fiops 

upon ©ach transition of the reduced ciocK signal 9fi fiuni a digital logic value 
of '0' to a digital \OQlc value of 'r {a negative edge triggered flip-flop may also 
used). The output Si of the firtai D flip-tlop 126 Is racycied lu the input 123 
of the first D flip-flop 110. The s^ut?ncer 60 provides test enab\& signals (j.e. 

2D siate signals 32, S3. S4, SS, S6, S7, S8 and S8)- The sequencer 60 ensures 
theit only on@ state signal has a disitai logic value of 1' for a given period of 
the cioch signal SO. Once th^ state signal SS has a digital iogic vaiue at 'V.. the 
3tate 3ignsi S9 is used to reset ^ch of the D flip-flops in the ^sequencer 60. 
The state signai SS also creates a digital logic value of 'r at the input 128 of 

25 the first flip-flop 116 to restart the sequence of test e^naD^e signals. Ttiis 
particular impiententation was chosen for its niinimat transistor count and the 
aDitity to op&mi^ mUi very low supply voltages. HovMever, dynanriiic power 
consumption is not as critical for thes sequencer 60 since tht; sequencer 66 is 
aperated at 1/32 of the cfock signal 96. Additional circuitry for m^st^^r reset 

30 and startup functionality {i.©, inverters 16 and 17) are included m that gi new 
test can be started as fast as possible after power up of the test circuit 14- 
The two inverters 16 and 17 ensure that there is a good square edge or haid 
transition for the input signa! 128 to ihe first D flip-flop 110, 
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Reference next made to RgMre IB wnich shows a scl^ematic 
of the 0 flip-flop 130 which wa& used in the ^aqu&ncer 80. Jtm D flip-flop 130 
incjudes reset RST. dcick CK, input D1 and output D2 sign^is. The nek signal 
is tha inverse of me utocK CK signal and tho sisnal dint an intemai data 
5 5*i9na^ thm is stored in between transffions of the clocK signal CK- Data i3 
tmasferred from the input D1 of the D fiip-flop 156 to the output DO of tha fifp- 
flop 13Q on a Qompi^ie pmo^ of th© dock signal CK. The D fip-flc^p 130 was 
designed to give minimunfi power dissipation by the use of complementary 
olocK signals fof Ihe input «nd output portions of this logic cmiit 

10 Before discussing the variaOJe ring oscillatgr 62, the basic te$t 

m^tnoaology of tbv teat circuit 14 wijl dssoussed. The tast meihodoiofly is 
based on lodirectiy measuring parameters or miii)^ of parameters of the fC 18 
by using sub-circuite of the test wcuit 14, However, mb^lfwt^ df thB iC 18 
may also be wsed as described further oelow. There gre a larg© number of 

15 possible paran^ters and liKev^i^e ratios of paremetors that could be tested 
with Ehe pf fe^sent invention. In the embodiment of the wireless IC test sysiem 
10, the peirameters that were tested were capcioitance, resimnce and gat© 
rtfiiay. These p^ifjameters are important at various stages of the iC 
mar^ufacturing cycle as well as for tundamenia! device operation. To teat 

20 capacitance, sub-circuits thai include capacitors^ wili be used in the variabte 
ring os<;iilator 62. likewise to test resistance s^te deSay, sub-circufe that 
include resistors and inverters, respectively, will be used in the variable ring 
osciHator 62. Note that these resistora, inverters and capacitors may be part of 
Jti© tesrt circuit 14 or nriay resistors, inverters and capacitor ;s whidi are part 

25 of the !C 18 Ir^ this fashion. Ihe IC 18 may be tested indirectly or directly 
furthermore, various other structures could he substituted for rasi^tanc^, 
capacitance and gale delay. For cEspaQtan*^, dielectric thicknass or ion 
impsantatiuii could be measured. For resistance^ the resistance of the poly- 
silicon layer, or the resistivity of the substrate may be measured and for gate 

30 delay, trie threshold vuitage of traneiators m the !C 18 may b^ mea-^ured. in 
term^ of ratioa of parameters, thes^ ration would depend on Ihe oirouit layout 
of the parameters being tested as described in more detail betow. 
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constant k depends on thfet substrate of the SC 18 (i.e. silicon versus gadium 
arsbiiide) and the IC teohnotogy (i.^. gate m^). Tne fime raabiant is therefGre 
k^R)uiiip=^CLl When the tmnsmission gate 136 is ensbiod, th^ time conistant 
becomes k^Ri.mf.'** (Cll t CL2) since the capacitors CL1 and CLZ are now in 
b parallel. Tri^refwe, the tv^o frequencies of o^ciilation of Vne ring oscillator 132 
are given by the formulsis' 

fosc) - 1 W R|«mp*CLl)) (2) 

fasta = 1/{K*( Hmp^ (CL1 ^ CL2})) (3) 

When the froquenclss d oscsHation are measured, tnese furmufas could be 
10 u^ad tci calculate tne capaQitaiic^s of th© capaoitor^ CL1 and CL3. 
Aiteincttiveiy, t^sed on the orialnai design valuas tor tha capacitances CL1 
and CL2 of tha capaeitors CL1 and CL2, an ^^tpected ratio of (CL1 + 
CL2)/CL1 can b« coiTiparecj to the measured ratio of ffiset/fwca to aetermine if 
there were any flaws in the tabncation process (tfii^ ratio compiarison m based 
15 on divlalng equalion 2 by equation 3). 

ThB nng oscHiaior 132 was ^^imulsted to determine whether the 
two capaciiors Cl.1 and CL2 would result in two osciBation frequencies that 
couid bo resiolved wh@n measured. Refernng to Fifiure 17l3, the ^mpSitude 
spectrums of the ouiput 140 of the ring osciliator 132, when the load 134 first 

20 uinsi&ted of the capaaitor CL.1 and then the paralief conr^b^nation of CL1 and 
cut, were combined. S-igure 17& shows HM the two oscillation frequoncie© 
(peaks 142 and 144) ar« distinct enough to be measured during ^ parametric 
test. Based on the measured osdffation frequencies (fssci fosca) and the 
desiQn vgtue^ of the capacitors CL1 and CL2, an indication of the status of 

25 the fabrication process based on original design values can be checKed 
(imng parametric lasting l)y corrspsiring the ratios mentioned previously. 

Reference h now mma to the variaWe ring oscjiletor 82 sho^vn 
m Figure 18. The v^riabte fing osQjliitor 62 wm designed to □ccqpy s minimal 
amount of dJe area» operate at high speed and dissipate a minima! amount of 
30 power. The vanabie ring oscillator 62 cornpfises a base ring oscillator 166, 
sub-circuits 152, 154. 156, 1S8, 160, 162, inverters HI f12, 113, 114, MS, fl6, 
117, 118, 119, 120, 121 and 122. transmissfon gates T2, T3, T6. TN2, TN3 and 
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TN6 and a number of resistors, capacitors and transistors m\on Wll! De 
discussed in greater detail. The &ase nng oscillsto? 150 comprises throe 
snverters 111, 112 and 113 thai oscillate at n base frequency. The sub-circi<its 
162, 1S4, 156, 158. 1S0, and 1fi2 are u^ed to vary the ba^ frequency of 
5 oscidation for the base nng oscillator ISO such that resistance, capacitance 
and gate delay paramettr values of tne iC 18 om be indireotiy measured 
Dssad on the piindpl© iilMStrated in Figure 17, The output of the variable mq 
oscillator 62 at the circuit node Voiut. 

1q enable these sub-cstouits, test stata signais S2, S3. S4, S5 
10 and S6 arc u^qU to ^nisbte or disable the transmission gates T2 and 13, the 
transisrors OA and QB and tne transmission gate T6 raspecHveiy. There are 
also state signals NS2, NS3 and NS6 that are used to enable the 
transmission gates TNS, TN3 and TW6 Th^ test state signals S2, S3, S4a SS 
and Si are obtained from the sequencer 60. The test state signals NS3 
15 and NS6 are obtained by inverting the tetii state signals S2, S3 and S6 by 
using the inverters }14i Its and 116, in Figure 18. the inverters 114, 115 and 116 
appear dmjoint from the vsnable ring oscillator 62, however this is done for 
simplicity. In the implementation of the variable ring oscillator 62, the inverters 
114, 115 and 116 receive the twbl state signals S2, S3 and S6 from the 
20 ^i^quenuer §0 and Sie outputs of the inverters 114, !1S and II fi are connected 
to th® sub-circuits 1S2 and 1S2 at tha circuit nodes where the tast state 
signais NS2. MS3 and NS6 are applif^d. 

The frar^smtssion gates T2, 13, T6, TN2, TH3 and im act as 
switching elements which allov^ tfia suD-circuits 1«2, 1S4, 1S8, iso, and 
25 182 to be attached lo ih© bas$ ring oscjilator 160 when their control BigoBl 
which ia the reapactive test state signal to which they are connected, has a 
digital St^ic value of 1". 

Referring to Figure 19, the transmission gat^ circuitry 164 used 
hf each transmission gate in the variable nng osciiiawr 62 is st^uwn. The 
30 transmfssicn gate circuitry 164 uomprises a network of four transistors QT1, 
QT2, QT3 and QT4 and has an input signal X, an output signal Y and a 
control signal ON. When the control signal OH has a digital fogic mue of ' i \ 
the value of the output signal Y is equal lo the vaJue of the input signal X, 
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Hov\^vtfr, when ttie control signal ON has a digital logic value of '0\ the output 
signal Y is disconnactefi from th« input signal X and me transmisston gate 
appears an open circuit. 

H^lore each sub-circuit i$ described, the test sequence mil &e 
dSscusised, The test sequence cor^sists of mm test staler. The duration of 
mch tmx state is 32 periods of the clocK signal 90 since the froquanoy of the 
raduceo dOCK signal 104 i$ 1/32 of tho frequency of the do* signal 30, Trie 
test circuit 14 cycle© through each test state in the sequence ^hown in Table 
1 . At the end of test state 8, the lest cycjfes b®ck to test $tat© 0. There could 
also be many more or fewer test esses as desiired. The length of tkna in each 
test stat^ coiM also be omm^ but should be long enough to allow the t^stt 
unit 12 to synchronize to the fmquency in the test result sigrta! 34 {i.e. if niore 
eophigticated methods ar^ usea in the t@st unit 12, then ® shorter period of 
time for each test bM& cx»uld be usedj. 



Jabje 1 Seque no G of Test States 



0 

1 



8 



Test typa 



Null Teat 



Free Running Test Sjgnai 



Capacitance Test 



3x2 Capacitance Test 



Resistance Test 



5x2 Resistance Test 



Propagation Dday 



Free Running Test Signal 



NuH Test 



Stait ^ignab with 



mi, NSlj NS6 



NS2, NS3. NS6 



S2, NS3. NS6 



S3, NS2. NS6 



S4, NS2, NS3, NS6 



Sh, NS2, NS3, NS6 



S6, NS2, NS3 



MS?, NS3, NS6 



NS2, N33, NS6 



Output of 
Vairiafeie Rsng ! 
Oseiliator 



Digabted 



Enabled 



Enahfad 



Enabled 



Enabled 



Enabled 



Dieablad 



During test staters 0 and 8, the test result sSgnaf 34 not s^nt In 
the t^st unit 12- This allows th^ test unit 12 to synchronise to the testsny that is 
being parformed by the test circuit 14. During test mte^ 1 and 7, there are 
fjve Inveiters in the variable ring osciliator 62 and m load. During test mi^^ 2 
and 3, capacitance is measured using the two circuit topologies shown in 
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Figures 21 and 22. During test sm^s 4 and 5, rftjyistance is measured using 
the two arcuit topologits!^ shown in Figures 23 24. During tPM state e> 
(jate cjeiay i3 evaluated by increasing the numaer of inverters in Ihe v^riabte 
ring osoiliator 62 to seven. This increas^^s the period of the osciiJation of the 
5 variable ring oscilistor 62 since the delay in sjgnai propagation is increased. 
The specific? suj>circi»it$ that wai^ ^mich&Q into the variable ring oscillator 62 
in eaoh test state to allow for pararneter measurement now tse descrihe^. 

Referring to Figure ;^0, during test ^M^ 1, the stsite signsiis NS2. 
NS3 ana NS6 nave u digital logic value of 1^ Aooordingiy, the components of 

10 the variable ring oeciflator 62 which are enabSed during lest state 1 are the 
transmission qm^^ TN2, TN3 «nd TNS m4 tb© sub-circuit 1S2 which 
Qomprises inverters 117 and 118, The 8Ub«circuil 1S2 is connected to tie ba$© 
ring oscillator 150 such that the vsifiabte ring osdi!ator 62 now comprises fm 
invenerii. Accordingly the frequency of oadliation for thss variabie ring 

15 oscjiiotor %2 is 1/{2*5*T,ny) H7 ^here t,nv is me di^iay us e^ch inverter Ml H2, 
113, 114 and 115 assuming tttat eacti inverter hm simiiar parasitic capacitiv^ 
(oad^. The frequency of osciilation for the ^i/ariable ring osciliaior §2 coula be 
measured in this t^fi? state and used ajluns ^ith test state 6 to nfieasun© the 
parameter of gate delay. 

20 Kefftrence is next made to Figure 21 which shows ths eterrsente 

of the variable ring oscillator 62 that are enabled during last state 2 ^en the 
state signals S2 and NS6 have a digital logic vaiue of n\ In this test atate, the 
transmission gates T2 and TN6 are en^Wed and tha sab-circuit 1S4 is 
connected to th^ base ring oscillator 150 such that the variaDle ring osctHs^tor 

25 62 comprises five inverters 111, 112, 113, 119 and 120 and has a capacitor CI 
as a iuad. The capacitance of the capacitor CI is chosen to m much largeif 
than the parasitic toads of each inverter 111 112, 113. 119 and 12Q so that the 
frequency of oscjsiation for the variable ring oscillator 62 is i/<k*( RiamptClj) 
Ha: tfollowing the guidelines outlined for Figure 17a). 

30 Reference is next made to Figure 22 which shows the elarnents 

of the variable ring oscillator 62 that are enabled during test state 3 when the 
stat^ Signals S3 and NS6 havt? a digital iogio value of 'V. In aiis test state, the 
transmission gates T3 and TN6 are enabled and the suD-drcuit 1S8 
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connected to th« bas^ ring osciHatcr 150 such that th^ variable ring oscillalur 
62 comprises five inverters 111, 112, H3. 121 ana 122 @nd hias n cspacitor C3 
as 3 load. Once again, the capacitance of the capacitor C2 h cho^<^n to be 
much larger tnan the parasitic load of egch inverter 111 112, 113, 121 and 122 

5 so that the fraquency of oscillation for th^ variable nng osciHator 82 is 
1/(K^(Runip^C2)) Hit. The capacitance of tht? capacitor C2 must also be 
chosen to &e different enouyh from the capacitanoe cf th^ capacitor CI in 
F\gui& 21, so that the frequency of oscillation of the variable ring oscillator 62 
can b© discriminated against when comparing the test result signals ohiained 

1 0 during t^t stetes 2 and 3. 

To calculate the actual rgtio of the capacitance values, based on 
tfie fabrication process, one uses equations 2 and 3 adjusted for the toad^ 
shown in Figures 21 and 22. The equations become: 

fcsci = 1^(KnRmmp^CU1)) (4) 

1 5 " 1 /(k*( Rj^mp*Ct2)) (5) 

Dividing equation 4 by equatfon 5 results in aquation 6: 

fo5ci/fosc2 CL2/Ct1 (6) 

This ratio can be calculated given the fsut that fosci ^nd fQ%i^ are measured. 
Furthermore, t\w geometry of the physical layout of the variable ring osdllator 

20 62 allows one to choose a value for the ratio of C12/CL1. For example., one 
may choose to make CL2 twice as large as GLI. Therefore, Uie ratio of the 
oscillatiort frequencies fosci snd f^sca should a!eo he two„ Thus, the fabricafbn 
of the variable ring oscillator 62 on tha v^afer 16 can be checked against the 
original design to see if there is a match by calculating the ratio far lh€f 

25 oscillation frequenoies (f«sci/foBc2) and comparing ihis ratio to the expected 
value of the ratfo of CL2/CL1 based on the design of tha variable ring 
oscillator 62- !f th^re is no match between the ratio of the osaiiation 
frequencies (f<a6ci/fosc?) and the expected ratjo of the design values of the 
capacitar^ces (CL2/CL1), then this indicates that there is o problem yvith the 

30 faDrtcation process. One niay also simulate th^ performance of th0 circuit 12 
using a circuit simulation program, such as CADENCE^" to determine the 
value of the osciliation frequency given the ciicuit configuration. This 
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Ssrnuteted osciifatjon frequency value can then &e complied Iq the measured 
frequency of qscilimion to see if the fabricated circuit works as it shnufd. if 
ttiese two osciiiation frequencies do not match then there may an error in 
the fabrication proce^ 

5 Referenoc is next mad^ to Figure 23 showb the efements 

of the varia&te ring oscillator §2 tfiat are esiabted during test state 4 in which 
tha state signeto 34» NS3 and NS6 ns?va a digital if^ic vaiue of '1\ in 
this case, tbo tran&mis&ion gates TN2, TN3 and the transistor QA are 
^nabfed &o that tne sub-circuite 152 and 1S8 are connected tc tt^e base nng 

10 osoiltetor 150. Therefore, the variable ring Dsciilator 62 wmprises five 
in^ert^rs J11. nz, lis, m ana lis sind a ios*d oonsisting of u resistor R1 
in sbfies wth ei capacitor C3- The impedance of this load is cnosen suuh that 
it is much larger than the parasitic loads of each inverter HI, 112, 113, 121 and 
!22 in the variable nng o^ditetor 62. The delay of the variable ring osciJlator §2 

15 is thus determined by the serial combination of the resistor R1 and the 
capacitor C3. fne frequency of operation of the variable rir^g oseiilator §2 fs 
1/{k'*'R VC3) ! Iz {following the guidelines outiinerj for Figure 17a and faplacing 
with R1). Therefore the frequency of usciljation is proportion^il tc the 
resistance of the resislor R1. 

20 Reference is mya made to Flguie 24 which shews the etemante 

of me varla&te ring oscjilator 62 that are enabled during ^t staia 5 m which 
the state oignais SS, NS2, MS5 and NS6 have a digfteS logic value of in 
thh m^B, the transmission gate^s TN2, TN3 and TNS and the transistor QB 
enabled so that the ©ub-circuits 1S2 and ISO are connected to trie base 

2S ring a^eilJator 150 The variaDfe ring Qsciiiaior 62 now comprises five inverters 
111. 112, i13, fl7 and 118 and has a load consisting of tv^o r€<^istors Rl and R2 
and a capacitor C4. Once again, thft impedance of Ifie joad is choaen such 
that it is much larger thars !he parasitic loads of tb0 each inverters 111, 112, 
813, !17 and 118 in the variable ring d&crt!atcr fiz. The aeiay of the variabfe ring 

30 oscillator fiz is thus determined by the serial cDmbinasion of the resistors R1 
and R2 and the capacitor C4 such that the frequency of operation of tue 
variable ring oscillator 62 is 1/(K^{R1 tR2)*C4} Hz, Therefore, the frequency of 
oscillation is proportional to the sum of the resistances of tha resistors Rl and 
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Rl Once again, as in the capacitance parameter tasc. tnc values of the 
resistors R1 and R2 snould De large enough to aJiow the oscination 
trequencles to b& resoived. 

To calculate tne ratio of ttie resistance valqes, aased on the 
5 fmfiCMon process, one u^ea equsrtione 2 and 3 ^justed for the loads shown 
in Figuros 23 an0 34- The equations become: 

W - Vm, (R1 i- R2)^G14)) (S) 

Dividmg equation 7 by equation 8 results in equation 9: 

10 Wi^cscs (CRl-*-R2)/R1)^<CL4/CL3) (S) 

rnis ratio can tn^ caicutated given the fact that fo^c and f^s^a are measured. 
Furthermare, th^ geometry of the physicaf iayout of tSie variable ring oscillator 
S2 allows one to choose a value for the ratios of (R V«-R2)/R1 and GL4/CL3. 
For example, one may choose tu make CL4 equal to CL3, Therefor®, the ratio 
IS cf the oj^oiliation frequenoios (fo»ci/fft*c£) should be equal to tHe ratio of 
(R1+R2)/R2. If this fe not confirmed during testing, then triis indicates mat 
there is a problem with the fabricatton process. 

Referen<^ is next made to Figure 25 which shows the elements 
of the variabte ring oscillator 62 that are enauleU during test state 8 m which 

20 the Slate signals 36. NS2 and NS3 hi^ve a digital logic value rsf 'V, In this 
case, the transmission gates T6, TN2 and TN3 are enabled so that the sub- 
circuits 1S2 and 162 are connected to the base ring oscjifatar 150. The 
variable ring oscillator 62 now comprises seven inverters 111 112, 113, 117, 
118, 123 and 124. Ass^uming that each inverter has the same parasitic load, the 

25 frequency of oscillation for th^ variable ring osciHator 62 wii! De V(/n,nv} H2 
where t,nv is the delay of one of the inverters. This frequency of u^cilsation can 
then be compared to the frequency of osciiNton rnea^ured dunng test state 1 
jn which the v^iriable ring oscHlator S2 conrtprised fsve inveners. The shift in 
osciHation frequency should be prnportiona! to the addition of the two inverters 

30 during test state 6- 
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To calculate the propagation deiay af a single inv«*rter, tne 
osciaton period ts (ts " 5*T,rtv} when the vanabie ring q^qiMqj 82 comprises 
five inverters is measured Next the osdlSaiion period xi (t? " T'^^tmv) when the 
vsinabie ring osdHaior S2 comprises seven inverters h measured Tha 
5 propagalion delay of an invertsr is then equal to (tr * t«i)/2. One can then 
compare this measured propagatron delay of a single inverter to that v/hich 
would have been expeaeU b^sed on sinf^mationis to determine if them is an 
error in Vt\e fabricistion process. 

Referring now to ngure 26, an ©mbodiment of the coupler 66 
10 comprises a transi&tor QC and a capacitor CC. The iransis^tor QC is us^d to 
modify the impeaanuftJ of the antenna 60. The source of th^ transistor QC i$ 
connected to the gate of the transistor QC such tm. the transit&lor QC acts as 
a resi«or when enabiad, The test retsult signal 34» for a given test state, 
coupled IQ the source of the tmnoistor QC. The transistor QC as enabJeo &y an 
15 antenna couple ansbte signal 170. When the anternia couple enabte 3ignal 
170 has a oigitai lofllc vailue of '1\ the transiistor QC js enabled whjch allows 
Bie test result signal 34 to bo applied to the antenna SO and radiated towasrda 
the test unit 12. When the aruenns couple embio signal 170 has a digital logic 
value of '0', the fransiator QC is disabled and the test resuii signal 34 uannot 
20 be applied to the antenna SO and no signa) b radiated towards the test unit 
12- The capacitor CC acts a$ a coupling capacrtor to remove DC ^^nergy from 
the test result signal 34 and couple the lest result signal 34 to tlit# antenna SO. 

Ar:i alternative embodiment for transmitting th^ test resuit signal 
34 to tho test unit 12 invofves modulattng tie impedance of the antenna SO to 

25 re-radiate an R.F signal ttiat contains tie information of the test result signaj 
34. Referring to Figure 27, a partial view at the test circuit 14 show^ tist the 
implementation of me coupler 66 iricludes t^o transistors QC1 and QC2 thst 
are connected in series. The transistor QC2 k cantrolied by the antenna 
couple enable signal 170 in tfte same fashion ue^ribed for an embodiment 

30 shown in Figure 26. The lest result signal 34 is u&ed to control the transisior 
QC1 which 5s connected such that st behaves iiKe a E^5?istor vyhen enabled. 
When the test result signal 34 has a digital logic value of 'r, the transistor 
QC1 is enabled and increases the resistance of the antenna 80 . Conversely, 
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When ma test result signai 34 has a digitei logic value of the transistor QC1 
is ciisabted and the impedance of tha antenna SO mmus iq its original value, 
Slme th^ penoaic transition frosn a digtel iogic vaiu0 of 'V to ^ digitai logic 
value uf 0' ^nd vice-ver^^ indicates the fr^ii^ncy of Ihe test result signal 34, 
5 the fr^uency of the impedance rnodulatbA of the antenna 50 Bmo^^^ the 
frequency information contained within the lest result signal 34 

In either of the aforementioneci embodiments, if ihe fe$t result 
signai 34 were coupled to the antenna SO via the coupler 66 wi^out the 
antenna couple enable signai 170, the test unit 12 would sea a series of 

1 0 frequenciae but would not be able to easily determine which test state Bie test 
nin^uit 14 is currentiy in. To allow for synchronization bebween tt¥^ test unit 12 
and the test circuit 14, tfKii sequencer 60 aS^c switches tho coupler 66 that 
before each repetition af the test saquenr:a. lb, during test state 0 or 8, the 
coupler 66 h disabled so that no signai m radiated towards the test unit 12, 

15 The test unit 12 may therefore synchronize lo the test re^&ult signal 34 by the 
apsence of receptign of the test result oigrta! 34 from me test mmt 14, 

jn an alternative embodiment, the test oireuit 14 can be 
ejctended Uj test the funcdonallty of individual sub-circuits^ contained within the 
jc 18 (i,e- a sub-circuit of 18) as long as these indMdual sub-circujts do not 

20 teqmrB too much power to operate, hor example, a functional test may be 
performed on memory wherein ihe sequencer BO selectively provides a digital 
logiu value of *v or 'Q' to a series of memory calls. Each memory cell could 
xhBfi be probed and a frequency f1 transmitted to the test unit 12 if the 
memory oelf held a digital logic value of or a frequency f2 transmitted to the 

25 test unit 12 if ihe mt^mory ceil held a digital logic value of JhP, tast unit 12 
would ther^ evaiuats whether the received test result signal 34 contained the 
correct data. 

Raterring to Figure 28, s modification of the test circust 14 wnioh 
would allow the test circuit 14 to test a suD-circuit 180 wiUiin the IC 18 ia 
30 shown. This emDodlmem includes the drouitry shown m Figure 7 as wen as 
an enable translator QE connected to ground VSS, a test signal 182 and an 
enable test suh-ctrcu!t signal 184 The source voltage VDD which Is used lo 
power the sub-circuit 180 is providea by me voltage rectifier 52, The power of 
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the sub-drCMit 180 is prowsdad by the enable teJsL »ub-oircuit essgnaE 184 thai 
grounds me sub-Dircuit 190. This grounding h mquired because a grounci 
pati is needed before tha sub-circuit 180 wsn be powered. This embodiment 
IS preferable becaM&e there is a iow voltage drop acroas the tmnsistor OE. in 

s this configuratiuri, the sequencer 60 ie modifiad to provide the enaole test 
«ub-fiircurt signal 184 as well nt. the test signai 182 that is used to test the 
functionality of the sub-circuil 180. The teat signal 182 can be used to sm one 
01 rmny logic states within th«* sub-circuit 180. The resutting output aignai of 
the sub-circuit 180. i.e. the test res>ult signal 34, 13 then ^^nt to the coupler 68. 

IQ The coupler S8 also receives the antenna coupte enable signal 170 Which wu^ 
pfYsviously de^ibed The %But result signal 34 meiy then be transmitted to the 
test unit 1 2 where Use te&t result sjgna! 34 may ba evaluated m determine 
whether the $ub-csrcuft 180 behaved correctly. 

Figure 29 shows an alternate enDbodlment at test oircuit 14 
15 allowing the tast circuit 14 to test tne syD-circuil 180 within the IC 18 and 
includes all of the oompurients ehown in Figure 28 with one exception; th© 
sub-circuit 180 m powered differently, in this embodiment, the enable 
transistor QW connected to the supply voltage VDD and the sub-circuit 180 
is connected to ground VSS. When the enable test sub-ntoit signal 1S4 ha^ 
20 a digital logic value of '0'. the enable transistor QE will turn on and connect the 
supply voltage VDD lo the ^ub-circuit ISD. The operation of this modsfied 
version of thc^ test oircuit 14 would otherwise operate as previously described 
for the embodiment shown In Figuse 28. 

Since the test drcuii 14 was designed with ^ nunimai number of 
2S transistors and requires a minirimi amount of chip area, the test cirtiuit 14 may 
be ffeibricated with one or Uto metallisation layers whereas wjrrent stals^ of the 
ert tCs require as many as 7 layers of metaffeation. Atternativaly, more 
m&iaitiiatiQU itfSyers could be used in the fabrication of the^ test circuit 14. 
However, since th© test circuit 14 can ee fabricsteU with two meteSli^ation 
30 layers (or a!tern<3Uvely one metallisation layer and one pnly-sslicon 
interconnect iayer) wireless testing may be performed using Ihe wireless fC 
test system 10 before at! of the me^iafSisation layers for the IC 18 have been 
depu^jited. Furthermore, this testing may be nnntinued ihroushoul the 
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manufacturing process other layers ara addsd to the ic 18. Mhougn tne 
iC 18 hasn't been ccmpisted, most of the SuD-circuiUj within the IC 18 can be 
mofJuSanzed for testing. In addition, aaah new metailization layer may be 
isimpiy switched into and out of the t^&t cirtiuit 14 auring testing. In this case. 
S an absence of the test result signal 34 rnay used to in4ic?5te a funotionaf 
failure in the inetallization iayer. Furthermore, the addition of later 
metallization and oxide layers odiAa be used to increase the vsiue of the 
resistors ano the capacitofs used in the test circuit 14 which \^ouid allnw the 
test unit 12 to follow th© growth of the IC 18 nght up lo completion, 

10 A simulation of the entire test circuit 14 was done using 

CADENCE''^ which is a yu^idely useO iC desian CAD tool. The slmufetion was 
dane on the following IC lechnologies and Srupply voftagas: 0,5 micron with 6 
V, 0.35 micron with 3.5 V, 0.25 micron ^ith 2 5 V and 0.18 micron wfth 2 V. 
The capacitance parameter test was simuieited using two ospaoitore with 

15 values of 200 F and 400 fF end two resistors wiim values nf 5 kq and iQ kQ, 
A Discrete Fourier Transjform integrated over a tes>t interval of one 
microsecnnd was used to o&serve the simulated teet results. The abiiity to 
t^valuate test results in such a short period of time is in oonlrmt to 
conventional probe tests in which ii 101 ring osoilletor operating at 

20 approximately 1 QO MHz results in a minimum requirement of 10 microseconds 
to ohtdin a test result, 

A spectrum of lest results is shown in Figures 30a and 30d. 
Referring to Figure 30a. for capacitance, there ws^s a distinct difference 
between ihe two frequer^cies esthibited (labeiod o1 and c2) by the test circuit 

25 14 when the variable ring oscillator 62 was loaded first by suU-cirouit 154 and 
then by ^ub-circuk 1S6, The rtfsistance parameter test results also showed 
distinct osciilation frequencies {the frequencies are labeiaa r1 and r2). Figure 
3Qb shews the simulation result for ihe gate delay parameter test, tn this 
case, there was also two discernible asciliation frequencies d1 and d2. Tne 

30 extra delay, and hence lower oscillation frequency, due to the two extra 
inverters is labeled d2. 

Reference is next made to Figure 3l which is a graph of 
simulated test resulte plotting the oscillation frequency of the variable ring 
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oijcilistor €2 versus supply voltage VDD for varioua IC teahnologies. Tfiis 
Figure snows that the test circuit 14 is scgla|:>ie across diff^^rent supply 
voltages (1, 1.5, 2, 2.5 and 3 V) as well as Uifferent IC teohnologies (0.1 B 
Q.2S and n 5 mfcrons) white the variable ring ceciifator 62 ^as osdRating 
5 fraqu^ncies on the order of 500 UHi to 4.6 QHz, This hham that the te^t 
circuit 14 highly tIexiDle and may be used to tost !Cs 18 at their nomtna! 
docK rates whioh are currently in IhB Gigahertx range, fun\mmofe, the test 
circuit 14 majr be use^d in resting during llie manufacture of tmny different !Cs 
ranging from analog ^^isita! devices. 

10 Dyrmg sfmulation it wais abo foqnd that ths varlabte ring 

osciiiaior 62 naa « smooth transition without any Qlitchas whan swircning frqni 
a givers test state to the n^xt test state. QHtcht^s undesirable ^inm th^y 
would miroauce a stdftup tsme (i.e. delay), create nois^ and may also cause 
power surges which could cau^ very large increases in ll^e power oonaumod 

16 by the tB^t atcmt 14. If different ring oscilistors wer© used for each test ^tata 
then glitch6?s may result and ther© may have to t^ %otm circuitry in the test 
circuit 14 adapted to avoid transienis in Ihe test results. The synchronization 
issue vtfouid also affect the test unit 1 2 md it would ha ijkeiy tnat the 
biandwidth of the receiver of the test unit 12 would tmva^ to be substantialiy 

20 increased to accommooate this synchronisation issue. However, simuJations 
showed th^t gijtches are not an issue with the test circuit 14. 

One imptementation of the test circuit 14 wb^ done for 
extiniplary purposes, with standard VI Sj CAD tools, using ^ 5 layer Q2S 
micron, 2.5 V, single n-wefi CMOS process. The fin^f layout, without the 
25 antenna, w^s approximately 15D {sy 50 micrometers and comprised 
approKimmeiy 2K) transistors. This resuits m st chip area of 7,500 |^m^ which 
is approxinnately 1/10,00C^^ the area of a Pomium class IC, The xm oxmlt 14 
di^sfeipates approximately 1 mW of pc^er which is 1/20,000*^ of the power 
dissipation of a Pentium class !C, 

30 Tho Vifireless IC test system described herein can be further 

altered or modified within the scope of the original invention. For in&tancf!. 
more or fuwer components or groups of components may be used in the 
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parametric tssiing of the IC 18, hurthftrmore, other test fiielhods may bfe used 
by the tesr circuit 14. 

It should be understood That various modifications can made 
to the preferred embodiments described and iliustretcd herein, without 
departing from the present invention, the scope, of which is defined in the 
appendi^ claims. 



